Remodeling of the cervix is a critical early component of parturition and resembles an inflammatory process. Infiltration and activation of myeloid immune cells along with production of proinflammatory mediators and proteolytic enzymes are hypothesized to regulate cervical remodeling as pregnancy nears term. The present study standardized an approach to assess resident populations of immune cells and phenotypic markers of functional activities related to the mechanism of extracellular matrix degradation in the cervix in preparation for birth. Analysis of cells from the dispersed cervix of mice that were nonpregnant or pregnant (Days 15 and 18 postbreeding) by multicolor flow cytometry indicated increased total cell numbers with pregnancy as well as increased numbers of macrophages, the predominant myeloid cell, by Day 18, the day before birth. The number of activated macrophages involved in matrix metalloproteinase induction (CD147) and signaling for matrix adhesion (CD169) significantly increased by the day before birth. Expression of the adhesion markers CD54 and CD11b by macrophages decreased in the cervix by Day 18 versus that on Day 15 or in nonpregnant mice. The census of cells that expressed the migration marker CD62L was unaffected by pregnancy. The data suggest that remodeling of the cervix at term in mice is associated with recruitment and selective activation of macrophages that promote extracellular matrix degradation. Indices of immigration and activities by macrophages may thus serve as markers for local immune cell activity that is critical for ripening of the cervix in the final common mechanism for parturition at term.
INTRODUCTION
The cervix is the gatekeeper for mammalian parturition. As pregnancy nears term, the cervix virtually disappears into a lower uterine segment as part of the birth canal continuum between the uterus and vagina [1, 2] . The process of softening and remodeling begins well before labor, reflecting a transition in cervical structure from high tensile strength and rigidity to a compliant and disorganized assembly of collagen fiber during the prepartum period [3, 4] . The mechanism for remodeling and its accelerated phase near term, called ripening, resembles an inflammatory process [5] [6] [7] . Characteristic changes in the extracellular matrix of the cervix involve increased vascular permeability [8] , immigration of immune cells [9] , actions by proinflammatory mediators [5, 10] , and degradation of collagen [11] and could represent loss of progestational hormone efficacy [12, 13] . Many of these processes could depend on the recruitment and activity of certain myeloid immune cells due to their capabilities to produce proinflammatory factors and proteolytic enzymes that degrade the extracellular matrix.
Several approaches have been taken to study the immigration and activation of leukocytes in the prepartum cervix. A greater presence of immune cells was observed in early studies of cervical morphology at term [14] . Standard bright-field microscopy has since provided evidence for a significant increase in the number of macrophages (Mu) and neutrophils (Neu) in the cervix by the day before birth in various strains and several species of rodents [6, 15] . The census of Mu is also reported to increase in biopsy specimens of cervix from peripartum women in labor at term compared to specimens from those not in labor [16] [17] [18] [19] [20] . Other reports using hemocytometry [15] or flow cytometry [21] have found no change in populations of Mu or Neu in the cervix with pregnancy or before term; rather, monocytes were indicated to increase. These results are not consistent with previous biochemical and histological findings or expectations that immigrating myeloid cells differentiate into Mu and enhance proinflammatory activities in the cervix near term.
To address methodological concerns about these reports, the approach of the present study was to standardize tissue dispersion methods and establish a rigorous, multiparameter gating sequence using flow cytometry to enumerate specific living leukocytes and functional activities of particular myeloid cell subsets in the cervix of mice before birth. The objective was to test the hypothesis that phenotypic markers of activities by specific populations of myeloid cells are enhanced in the cervix as pregnancy nears term. To accurately enumerate resident leukocytes in the cervix by flow cytometry, a standardized approach was needed to perfuse and disperse the cervix and eliminate systemic immune cells as well as to set gates based on critical controls (isotype, spleen, live cell). The findings indicate that the mechanism for remodeling the preterm cervix involves hyperplasia of the cervix as well as increases in Mu that express proteins involved in adhesion and degradation of the extracellular matrix.
MATERIALS AND METHODS

General Procedures
Adult female nonpregnant (NP) and timed pregnant C3H/HeN mice were purchased from Harlan, Inc. Mice were housed in a light-and temperaturecontrolled room with access to food and water (photoperiod, 12L:12D; lightson, 0700 h PST). NP mice were studied during estrus, a period of elevated levels of gonadal steroids in circulation, as determined by daily vaginal smears. Experimental procedures were approved by the Institutional Animal Care and Use Committee and conformed to the National Research Council standards for care and use of laboratory animals. Before 1000 h of the day of study, mice were deeply anesthetized with Nembutal (pentobarbital sodium injection, USP, Lundbeck Inc.) and euthanized by cervical dislocation. To confirm the hypothesis that cells in circulation do not affect retrieval of immune cells from the cervix [18] , an initial study was conducted in which three mice on Postbreeding Day (D) 15 and D18 were euthanized by cervical dislocation and not perfused. For all other mice, the spleen was clamped with a hemostat and warm saline perfused through the heart to flush systemic blood from other tissues. The spleen and cervix were excised, trimmed of adherent tissues (fat as well as most of the adjacent uterus and vaginal folds), and then processed to disperse cells as described below.
Harvest and Staining of Cells from Spleen and Cervix for Flow Cytometry
Dispersed splenocytes were used to guide gate settings for flow cytometry of cells from dispersed cervix for each individual. Accordingly, the spleen was washed in PBS for 5 min at 48C, pressed without mincing, then pressed through a 70-lm filter (Millipore) and rinsed with 500 ll of PBS. After centrifugation (1500 rpm for 5 min at 48C), the pellet of splenocytes was resuspended in 1 ml of PBS for use as controls to identify labeled immune cells by flow cytometry. The cervix was washed in fresh PBS for 5 min at 48C, minced, and incubated for 1.5 h at 378C in 25 mM Hepes (10 ml) and Hanks balanced salt solution (Sigma) with collagenase B (1 mg/ml; Roche). The suspension was periodically agitated during the incubation, then passed through a 70-lm filter, washed in PBS for 5 min at 48C, centrifuged (1500 rpm for 5 min at 48C) to obtain a cell pellet, and resuspended in PBS for flow cytometry. Some spleens were cut in half, and one part was treated as described above or minced and mesh-filtered to verify that cell dispersal techniques did not affect counting of immune cells.
In preparation for flow cytometry, immune cell numbers were estimated in an aliquot from dispersed spleen and cervix with a hemocytometer, and the cell suspension from spleens was diluted to approximately 2 3 10 5 cells per 10 ll. An aliquot of cells was transferred into a 96-well polypropylene plate and incubated with combinations of fluorescent-conjugated antibodies for 30 min in the dark at 48C. Antigen-specific fluorescent-labeled antibodies were used to identify immune cells that express markers of specific functional activity (Table  1) . Plates were centrifuged (1500 rpm for 5 min at 48C), and cells were washed with PBS for 5 min at 48C, resuspended in 0.2 ml of PBS, then incubated with 2 ll of 7-aminoactinomycin D dye (7-AAD; eBioscience) to identify living cells. Plates were centrifuged (1500 rpm for 5 min at 48C) after 5 min, washed in PBS for 5 min at 48C, fixed in 1% paraformaldehyde, and passed through a 50-lm filter into a fluorescence-activated cell sorting tube. Samples were processed by flow cytometry within 24 h using a MACSQuant Analyzer (Miltenyi Biotec), with data analysis as described below. Spleen and cervical samples were processed to establish instrument and software settings for fluorescence compensation (FlowJo 7.6; Treestar). Spleen cells were incubated with the same fluorescent-labeled antibody combinations and concentration as those used for cervical tissue. Thus, compared to the approach used in a previous study of dispersed murine cervix [18] , that used in the present study to analyze cells from the dispersed spleen from each mouse served as an added control to establish gates for immune cell subsets and to verify that the dispersal procedure did not adversely impact labeling of immune cells.
Processing and Analyses of Flow Cytometry Data
A standard protocol was developed to analyze data acquired by flow cytometry to ensure specific, replicable, and accurate identification of immune cells and cell counts. The gating strategy for flow cytometry is summarized here, and more details are provided in Results. After isotype antibody-matched control adjustments, gates around labeled immune cells were sequentially set to include 1) total cells excluding debris (forward-and side-scatter), 2) CD45 þ myeloid cells (forward-and side-scatter back-gated on CD45 þ splenocytes), 3) living myeloid cell gate (7-AAD
and 6) Mu activation markers (F4/80
þ combined with CD54, CD147, CD169, CD11b, or CD62L). CD45 is specific for leukocytes. Because CD45 þ cells are gated before evaluating other markers, analyses exclude nonimmune cells. The upregulation of CD11b in activated Mu produces a distinct CD11b hi population that was quantitated as a percent of total F4/80þ Mu. Median fluorescence intensity was used to evaluate increases in levels of the activation markers CD54, CD147, CD169 and CD62L.
This gating strategy was tested by incubating aliquots of dispersed spleen and cervix from NP mice in a combination of antibodies to identify
, which were then processed immediately or fixed with 1% paraformaldehyde for 4 or 24 h before being passed through the flow cytometer (n ¼ 3 per group per time). Using the gating strategy described above, the numbers of Mu from spleen or cervical samples processed within 2 h of dispersal were equivalent to those in samples analyzed after 4 or 24 h in fixative. Thus, samples processed at multiple times relative to fixation accurately replicate the number of resident Mu in spleen and cervix.
Statistical Analyses
Data were evaluated with the Levene test, and if normally distributed, ANOVA was performed. Individual comparisons were made with the Tukey test, unpaired independent t-test, or Mann-Whitney test (all two-tailed). A value of P , 0.05 was considered to be significant. If the Levene test was significant, data were log transformed to normalize variance and reanalyzed by ANOVA. Power analysis indicated P . 0.9 for this data set. Statistical analyses were performed using GraphPad Prism (v4; GraphPad Software). PAYNE ET AL.
RESULTS
Census of Immune Cells in the Cervix
We first studied how dispersal of cells from tissue and flow cytometry sample preparation affected the accuracy of the census of resident immune cells in the cervix. Cell counts as estimated by flow cytometry were compared to determinations made with a hemocytometer. The average number of immune cells from dispersed spleen and cervix from NP mice (n ¼ 10) varied 4% and 9%, respectively, by flow cytometry, as compared to 12% and 44%, respectively, using the hemocytometer. Thus, flow cytometry provides a consistent and more accurate estimate of cell count in both spleen and cervix.
Given that the near-term cervix is enlarged and more vascularized compared with earlier in pregnancy or in NP mice [22, 23] , we addressed the question of whether cells from the circulation affect enumeration of immune cells in the cervix [21] . The cervix from nonperfused and saline-perfused mice, both NP and prepartum on D18, were dispersed and processed by flow cytometry (Fig. 1) . A population of living monocytes was found with the same immune-phenotype
and in the same proportions as reported by Timmons et al. [21] . However, this cell population was sparse and markedly diminished in cervices from perfused versus nonperfused NP and D18 pregnant mice (Fig. 1, A-C) . These findings indicate that monocytes represent only a minor proportion of resident myeloid cells and that perfusion is necessary to accurately enumerate immune cells that actually reside outside of blood vessels in the cervix.
Finally, to determine whether collagenase dispersion of tissue affected the accuracy of immune cell counts, spleens from NP mice were halved and either minced and incubated with collagenase or minced, then pressed through a meshscreen filter (n ¼ 2 each) (see samples I and II, respectively, in Fig. 1D ). Flow cytometry indicated that the number and proportion of living Mu were not diminished by collagenase dispersal of either spleen or cervix. Rather, more Mu were found in samples treated with collagenase than in those treated with minced/mesh-filtered dispersal alone. Moreover, the number and proportion of CD45 þ leukocytes in spleen following collagenase dispersal-that is, living Mu that express activation markers (CD54, CD147, CD163, CD169, or CD11b)-varied on average less than 12% in spleens subjected to mechanical versus collagenase dispersion. In addition, a 10-ll aliquot of mesh-filtered splenocytes was added to approximately half of a cervix obtained from a perfused mouse. The mixture as well as the remaining half of the cervix that had only PBS added were subjected to the same collagenase dispersal procedure and incubated with a mixture of antibodies as described above (n ¼ 2 each) (see samples III and IV, respectively, in Fig. 1D ). An average of greater than 85% of splenocytes that were added to the cervix before collagenase dispersal were accounted for when compared to the cervical samples lacking splenocytes. Collectively, these findings indicate that collagenase dispersal did not affect viability, retrieval, or activation status of Mu from various tissues.
Gating Sequence to Assess Census of Immune Cells in Cervix with Pregnancy
To enumerate living resident myeloid cells, a series of flow cytometry gates were set based on morphological and immunofluorescence characteristics of cells in flow runs from dispersed spleen. Based on forward-and side-scatter morphology (Fig. 2 , AI and BI), the gates were set to exclude debris. The clear conservative gate setting for CD45 þ leukocytes in dispersed splenocytes was applied to analyze flow runs of dispersed cervical cells in the same mouse (Fig. 2 , NP example in AII and BII). Subsequent gatings for living leukocytes that were Mu
were determined from analysis of dispersed spleen and applied to dispersed cervical cells (Fig. 2 , AIII-AV and BIII-BV). This gating strategy was applied to enumerate resident immune cells in the perfused cervix from pregnant mice on D15 or D18 (Fig. 2 , CIV-CV and DIV-DV, respectively). The shift of living cells to the right into the F4/80 þ gate indicates that the proportion of Mu had increased in the D18 mouse (i.e., by the day before birth) as compared to that in the cervix on D15 of pregnancy.
Using this systematic gating strategy, the numbers of living cells (total immune cells and subtypes) in the cervix were compared in pregnant and NP mice. Although the vast majority of cells within the cervix are nonimmune cells that include smooth muscle and fibroblast cells, immune cells represent approximately 10% of living cells (Fig. 2, BII-BIII) . Compared to NP mice in estrus, the number of live cells per cervix was more than 2-fold greater by D15 (Fig. 3A) . No further changes in living cell numbers were found by the day before birth (i.e., D18). Thus, the increase in total cell numbers indicates that in addition to the hypertrophy that has previously been reported RESIDENT MYELOID CELLS IN THE PREPARTUM CERVIX [22, 23] , hyperplasia of the cervix is present by D15 and maintained through D18 of pregnancy.
Analysis of living leukocytes (CD45 þ 7-AAD À , exclusive of nonimmune cells, which lack CD45 expression) indicated that cell numbers were unchanged in D15 mice compared to that in NP controls. However, in cervices from D18 mice, leukocytes significantly increased more than 2-fold as compared to NP and D15 mice (Fig. 3B) . Due to the 2-fold increase in total cervical cells, leukocytes as a percentage of total living cells in the cervix were reduced in the D15 versus NP and D18 groups (9 6 2.7 vs. 15 6 1.6 and 17 6 1.8, respectively). Evaluation of leukocyte subsets indicated that the census of Mu was significantly greater in the cervix from D18 versus NP and D15 groups (Fig. 3, C and D) . Mu as a percentage of leukocytes in the cervix were unchanged in D15 mice compare to the NP group but were significantly increased by D18 (69 6 3.2 and 65 6 7.8 vs. 89 6 4.4, respectively). These results corroborate previous in situ findings [18, 19] (see examples in Fig. 3E ) that indicate Mu are increased in the prepartum cervix of mice by D18. The variability of living Neu in the cervix from D18 mice precluded significant differences.
Activation of Myeloid Cells in Cervix with Pregnancy
To evaluate the potential roles of immune cells as mediators of cervical remodeling, Mu were costained for phenotypic markers of function and activation. In the cervix, Mu that proportionally expressed high levels of CD11b (marker associated with adhesion to endothelium or extracellular matrix) (see CD11b hi in Fig. 4 , A and B) or CD54 (migration-associated cell adhesion molecule induced by proinflammatory cytokine activation) (Fig. 4C) were significantly reduced in cervices from D18 mice as compared to that from D15 and NP groups. In contrast, Mu that expressed markers for metalloproteinase activation (CD147) or remodeling associated with cell matrix binding (CD169) increased by D18 mice versus in D15 or in NP mice (Fig. 4, D and E) . No change was evident among the three groups in Mu that expressed the marker for vascular adhesion and migration þ gate to identify myeloid cells (IV), and GR-1 -to eliminate granulocytes and identify Mu (V). The gates established in A were applied to dispersed cervical cells (B) to identify resident Mu in cervix from each NP mouse. This same approach was used to establish gates to identify Mu in the spleen from D15 and D18 mice (data not shown) and applied to identify resident Mu in dispersed cells from the cervix of D15 mice (C) and D18 mice (D).
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(CD62L). These data suggest that Mu in the cervix by the day before birth (i.e., D18) are less likely to be migrating or binding to vasculature and more likely to be involved with extracellular matrix remodeling processes than those in D15 and NP mice.
DISCUSSION
The present findings support the hypothesis that recruitment and certain activities by Mu increase in association with remodeling of the cervix near term. Consistent with previous immunohistochemical studies of rodent cervical sections [18, 19] , the findings with flow cytometry of dispersed cervix indicate that Mu were the predominant differentiated resident myeloid cell in the murine cervix. The number as well as percentage of Mu among leukocytes significantly increased by the day before birth (i.e., D18). Compared to earlier in pregnancy or in NP mice, a larger proportion of Mu appeared to be engaged in tissue remodeling or cell matrix-binding activities, as indicated by increased expression of molecules associated with metalloproteinase activity (CD147) or extracellular adhesion (CD169). Although Mu-expressing epitopes reflect adherence or cross-vascular infiltration and migration (CD11b þ and CD54 þ did not change), it is conceivable that CD54þ Mu may recruit and locally activate other Mu to express CD147 and CD169, which for whatever reasons do not express CD11b or CD54. A lack of a significant increase in Neu numbers or relevant markers of Neu activity in the prepartum cervix does not exclude the potential contribution of this immune cell to the remodeling process given its short life span and fragility [24] . Thus, the present findings raise the possibility that prepartum increases in Mu with particular activities related to extracellular matrix degradation drive remodeling in the cervix by the morning of the day before birth.
These conclusions are dependent on an accurate census of resident leukocytes and subtypes in the cervix. Therefore, in the present study, careful attention was given to standardization of procedures for tissue processing and analysis of flow cytometry data. Three components of the methodology, including systemic perfusion of tissues, controls to maximize yield of live cells following dispersal (present study and [25] ), and clearly defined gate settings with comparisons to living dispersed splenocytes in the same individual, provided RESIDENT MYELOID CELLS IN THE PREPARTUM CERVIX assurances that flow cytometry would be useful to accomplish the objectives of the present study. Greater variability of hemocytometer cell counts from dispersed tissues, especially cervix, raise concerns about the accuracy of resident immune cells in the cervix [15] as compared to approaches that count specifically stained cells in cervical sections [18, 19] or use flow cytometry, as in the present report. In addition to increased Mu, the total number of living cells was greater in cervices from pregnant versus NP mice. More cells in the cervix from pregnant mice on D15 and D18 compared to that in the cervix from NP mice is indicative of tissue hyperplasia with pregnancy. Increased numbers of cells in the cervix, possibly stroma, fibroblast, and smooth muscle cells, extends the results of previous studies that found cellular hypertrophy (i.e., increased size of cells as reflected by fewer nuclei per area) in the cervix from pregnant versus NP mice [18, 23, 26, 27] . Thus, along with hyperplasia of cells in the cervix, hypertrophy defines cervical growth during pregnancy.
The present study found an increase in Mu by the day before birth but a low proportion of monocytes and no change in monocyte number in cervices from perfused NP and pregnant mice. A stable population of monocytes in circulation from women that deliver preterm or at term [28] further suggests that elimination of systemic cells are needed to accurately enumerate resident immune cells and may account for differences compared to findings in a previous study [21] . Even if a small number of monocytes reside in the cervix, their purpose is uncertain. Leukocyte invasion of the reproductive tract and cervix at term is suggested in a variety of species [6, 29] and is associated with labor in women [2] . In the present study, enhanced Mu numbers with degradative activities in the peripartum cervix, before or coincident with cervical dilation, labor, or delivery, provides evidence for certain immune cell activity in cervical ripening. In addition to the expression of metalloproteinase that we observed, Mu are a source for nitric oxide, prostaglandins, and proinflammatory cytokines, and along with Neu, they have collagenase activity [9, 30] . These factors could collectively promote local inflammatory processes in the prepartum uterine cervix at term, including vascular permeability, edema, and degradation of the extracellular matrix [31, 32] , or contribute to inflammation-induced preterm cervical remodeling [2, 9, 33] . Other flow cytometry studies indicate that immigration and activation of immune cell subtypes are stimulus-specific (e.g., injury, infection, or endogenous signals) and vary over time with respect to local cellular functions in tissue [34, 35] . Moreover, heterogeneity in Mu function that are tissue specific may not easily be categorized into the polarity of proinflammatory M1 or antiinflammatory M2 subtypes [36, 37] , which do not appear to change in the murine cervix before birth [21] . Thus, local signaling may be essential for the selective recruitment and differential activities by immune cells in the cervix at term or in association with preterm birth.
In summary, the present findings support and extend the hypothesis that increased numbers of Mu and subtypes associated with certain functional activities occur late in the process of cervical remodeling in preparation for parturition. Replicable and accurate immune cell counts depended on the use of standardized procedures for tissue processing and analysis of flow cytometry data. The lack of changes in other myeloid cells and activities related to adhesion or migration in the preterm cervix is in contrast with Mu functions associated with degradation of the extracellular matrix. These findings suggest that Mu with specific biomarkers for immunemediated tissue remodeling activities constitute most of the leukocytes in the prepartum cervix and may be a critical feature of the final mechanism pathway for cervical remodeling. The present results also raise the possibility that these processes occur within the cervix of mice while well-innervated [38] , in advance of the decline in systemic progesterone, as previously discussed [22] , and before the increase in contractions of the uterus with the onset of labor. Thus, novel approaches may be developed to diagnose or treat advanced or delayed cervical remodeling that are, respectively, associated with preterm birth or dystocia and delayed parturition. PAYNE ET AL.
